We report an effectively singlemode tubular antiresonant hollow core fiber with >1000nm bandwidth and record-low loss of 25dB/km, fully connectorizable with SMF28. We demonstrate penalty-free data transmission at wavelengths of 1065, 1565 and 1963nm.
Introduction
Hollow core fibers based on photonic bandgap guidance (HC-PBGFs) have proven themselves an attractive technology for low latency data transmission [1] , with experiments over length scales of practical relevance ranging from a few [2] to a few tens of km [3] so far demonstrated. The bandwidth of the single low-loss operating window for HC-PBGFs currently ranges from ~20 nm for the lowest loss fiber reported to date [4] , to ~200 nm [2, 5] for fibers of slightly higher loss, with the operating bandwidth typically centered either on the C-band or at their wavelength of predicted minimum loss, around 2 μm. While very high data capacity can be achieved in these fibers using dense WDM schemes [6] , cheaper ultra-coarse WDM transmission and/or additional capacity would benefit from an increased bandwidth. A significantly broader bandwidth can be achieved in air-core antiresonant fibers (ARFs) where guidance is based on antiresonance from thin glass membranes surrounding the hollow core, and the cladding consists of either a Kagome-type lattice [7] , or a single ring of touching [8] or non-touching tubes [9, 10] . However, ARFs reported to date typically exhibit a structured transmission spectrum, with multiple loss peaks arising from resonant coupling between air and glass modes located at nodes in the cladding. These resonances are difficult to control and give rise both to higher loss (~50-300 dB/km typical) and poorly reproducible modal properties. Consequently, to date no data transmission experiments have ever been reported in any form of ARF.
In this work we demonstrate for the first time that ARF technology has the potential to make an impact on short reach data transmission. We present a non-contacting tubular fiber, comprising a single ring of 7 tubes around a hollow core (Fig.1a) , with the lowest loss for this fiber type (~25 dB/km) and the widest sub-100 dB/km transmission window for any air-guiding fiber ever reported (>1100 nm or >1 octave). Due to its high differential modal loss and low intermodal coupling, an excellent modal purity (>50 dB suppression of high order modes) can be achieved after just a few 10s of meters of fiber. This, combined with a spectrally smooth loss curve, allows lowlatency data transmission over an unprecedentedly broad wavelength range. To demonstrate this, we report penalty free 10Gbit/s data transmission at wavelengths of 1065 nm, 1556 nm and 1963 nm in the same 100 m long fiber. 
Fiber fabrication and characterization
The fiber was produced using a two stage stack-and-draw process. A key fabrication step was the manufacture of uniform capillaries (4.09 ± 0.02 mm in diameter, with 0.24 mm thick walls) used to form the cladding tubes, which requires excellent uniformity. During the second draw stage pressure control was used to allow the capillaries to expand and to achieve a final aspect ratio (inner to outer diameter ratio) of ~0.97. The fiber draw parameters were slightly tuned during the draw to produce fibers centered at different wavelengths. The current process yield is ~2.1 km but we envisage it could be straightforwardly scaled up to multi-km. Loss measurements were achieved via a cutback method employing a supercontinuum source, two optical spectrum analyzers (400-1750 nm and 1200-2400 nm, 2 nm resolution) to cover the full fiber bandwidth, and the input end mode-matched and spliced to a standard single mode fiber (SMF). The minimum measured loss was 16 dB/km near 820 nm in a 38 m core fiber with a transmission extending from 820 to 1800 nm. A slightly different fiber had a minimum loss of ~25 dB/km and < 120 dB/km for all wavelengths between 900 nm and 2050 nm. Figure 1 shows details of a third fiber, 100 meters long, that we have selected for more detailed analysis. It has a core diameter of 40.2 m, an average tube diameter of 22.6 m (with a standard deviation of 0.9 m) and an average membrane thickness of ~360 nm (Fig.1a) . Its cutback loss is compared in Fig.1b to the lowest reported loss HC-PBGF [4] and ARF [7] , and to a wide bandwidth HC-PBGF [5] , to highlight the exceptionally wide (>1000nm) air-guiding bandwidth of this fiber. Unlike other ARFs reported in the literature the loss is spectrally very smooth and extremely flat in the 400 nm wide region around its minimum loss wavelength. Fig.2 shows other measured and simulated optical properties of the fiber. Modelling of the actual structure with a finite element method code [11] , taking into account small non-uniformities (e.g. in the inter-tube gaps), yields excellent agreement with the experimental data, as shown in Fig.2a . This confirms that the dominant loss mechanism in these fibers is leakage loss; as a result of the antiresonance operation which expels light from the membranes and produces a very small fraction of optical power in the glass (1-8x10 -5 ), surface scattering loss, which is prevalent in HC-PBGFs, has only a negligible contribution (~0.1 dB/km) for this fiber. Additional useful features are the very low group velocity dispersion of <2.5 ps/nm/km across the whole transmission window, and the large mode field diameter (MFD), which is almost constant at ~32 μm across the full octave, and which, interestingly, decreases with wavelength (Fig.2b) . Despite the large MFD mismatch with SMF we have been able to achieve a fully connectorized SMF28-hollow core-SMF28 fiber with a total average connectorization loss of ~2.1dB (as of yet not fully optimized) through the use of suitable intermediate buffer fibers. The simulated differential mode loss (Fig.2d) indicates that the high order mode with the lowest loss (LP11) is over 10 times lossier than the fundamental LP 01 -like mode and the loss of all other high-order modes is over 100 times greater. This is a result of resonant coupling with air modes in the cladding tubes and is a well understood effect for this type of fiber [11, 12] . Combined with very low intermodal coupling it makes this fiber strongly single moded after just few 10s of meters. This prediction is confirmed by the S 2 measurements in Fig.2c that show the absence of LP 11 modes (or any other modes) after 100 m of fiber. This corresponds to a modal purity (high order mode suppression) of better than 70 dB, the highest ever modal purity reported in a hollow core fiber to date. Simulations also indicate that simply by improving the structural regularity and by making the tubes 10% larger, a fiber with a minimum loss of 10 dB/km and a high order mode suppression ratio of >1000 could be achieved (Fig.2a) .
Data transmission experiment
To test the ability of the fiber to transmit data across such an enormous wavelength range we measured the data transmission performance through 100 m length of fiber at three widely different wavelengths: towards the short wavelength transmission edge at 1065 nm, in the middle of the transmission band at 1565 nm, and at the long wavelength transmission edge at 1963 nm ( 1-3 in Fig.1) . At the three wavelengths of interest the total span loss was 4.9, 6.3 and 18.5 dB, respectively. A data rate of 10 Gbit/s (with a 10 31 -1 pseudorandom bit sequence) was used in each instance. Due to the extreme wavelength range covered it was necessary to use different combinations of lasers, modulators and detectors. In each instance the signals were passed through a polarization controller and launched into the fiber under test. At the receiver side the signal was amplified and analyzed with a bit error ratio (BER) tester. To compensate for the higher fiber loss at 1963 nm a Thulium-doped fiber amplifier was used. In all cases the transmission was essentially BER power penalty-free (Fig.3) confirming the excellent transmission characteristics of the fiber at these widely disparate wavelengths. Whilst we have only tested at 3 discrete wavelengths we fully expect the fiber to transmit data equally well across its entire low loss transmission window. 
Conclusions
We have reported the first hollow core anti-resonant fiber capable of data transmission at wavelengths separated by nearly one octave. The present fiber has shown penalty-free transmission at 1065, 1565 and 1963 nm wavelengths, but future versions could simultaneously cover the perhaps even more attractive wavelengths of 850, 1300 and 1550 nm, where the fiber's low latency, dispersion and nonlinearity would be extremely attractive features for short reach communications. Despite its large MFD, after 100 m the fiber was measured to have the purest single mode behavior ever reported in a hollow core fiber, and fully spliced connections with SMF28 were achieved at modest additional loss (~1 dB per connection, with further reduction anticipated). Loss reduction from the reported 25 dB/km down to ~10dB/km level should be possible through realistic improvements of the fiber structure, making km-scale reaches possible, e.g. for intra data center applications. Finally, simulations indicate that through the inclusion of more complicated tubular structures (specifically inner nested tubes), the loss of these fibers is predicted to drop by two further orders of magnitude or more [11] , making these antiresonant hollow core fibers one of the most promising novel fiber technologies currently under investigation.
